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Introduction
Tight control of intestinal iron absorption is required to avoid both iron insufficiency 1 and excess 2 . Dietary non--heme iron is taken up by absorptive enterocytes via the apical iron transporter DMT1 (a.k.a. SLC11A2) 3--5 , and transferred into the circulation by ferroportin (FPN, a.k.a. SLC40A1) 6 , with the help of a ferroxidase, hephaestin (HEPH) 7 . FPN activity is controlled by the liver hormone hepcidin 8 , but DMT1 seems regulated locally via mechanisms operating within enterocytes 9, 10 . DMT1 mRNA exists in four isoforms that differ in their 5' and 3' ends 11, 12 . 3' end diversity results from alternative usage of splicing and polyadenylation sites, and yields isoforms that either contain or lack a conserved iron responsive element (IRE) in their 3' untranslated region (UTR). IRE--containing isoforms are predominant in duodenal enterocytes 12 .
IREs are stem--loop structures that interact with iron regulatory proteins (IRPs, a.k.a. ACO1 and IREB2) in iron--depleted cells 13 . IRP binding to multiple IREs in the 3'--UTR of the transferrin receptor (TFRC) mRNA limits its degradation by Regnase--1 (a.k.a. ZC3H12A) 14 . The presence of an IRE--like motif in DMT1 suggests that DMT1 could be regulated by IRPs, similar to TFRC. However, the single DMT1 IRE contains an additional 3'--bulge in its upper stem 15 , and DMT1 mRNA seems to lack a Regnase--1 binding site 16 .
Importantly, DMT1 expression only responds to iron fluctuation in a subset of cell lines 17,18 , and the DMT1 3'IRE failed to exhibit iron--dependent regulation in reporter assays 18 . Furthermore, DMT1 transcription is controlled by HIF2α 9,10 , which itself is regulated by IRPs 19 , confounding the study of specific functions of the DMT1 3'IRE 20 . Here, we address the role of this RNA motif using a mouse model with selective disruption of the DMT1 3'IRE. 4 Figure 1 ). Mice on a mixed 129SvEV/C57BL6 background were housed at the DKFZ under specific--pathogen--free conditions, with unlimited access to standard food and water. All animal work was conducted according to institutional guidelines. Hematological and serum parameters, respectively, were determined using an ABC Vet apparatus (HORIBA ABX SAS, Montpellier, France) and an Olympus--400 analyser (Olympus, Tokyo, Japan). Hepcidin levels were measured using the Hepcidin Murine--Compete™ ELISA kit (Intrinsic LifeSciences, LaJolla, CA).
Methods

Animal studies. The Dmt1 locus was mutagenized through homologous recombination in embryonic stem
cells (Supplemental
RNA and protein analyses. RNA was extracted and used for SYBR Green--based qRT--PCR as described previously 20 . For western blotting, proteins were extracted as described 20 and analyzed using the antibodies listed in Supplemental Table 2 . Tissue staining was performed on paraffin sections using the AEC kit (Vector Lab Inc., Burlingame, CA). Polyribosome analysis was performed as described previously 20 .
Tissue iron. Tissue non--heme iron levels were measured using the bathophenanthroline method 20 . Iron was stained on paraffin sections using Prussian blue 20 .
Results and Discussion
We established a mouse line lacking the 5' stem, the apical loop and part of the 3' stem of the DMT1 3'IRE ( Figure 1A , Supplemental Figure 1 ). The resulting allele (designated Dmt1 IRE∆ ) is inherited in Mendelian proportions. Both Dmt1 IRE∆/∆ males and females are viable and fertile, and display no overt abnormality. We did not observe any major alteration of blood cell parameters (Supplemental Table 1 ) during postnatal growth (2 weeks of age, during a period of high iron demand), early adulthood (3 months of age) or advanced age (9 months). Hence, while Dmt1 is essential during perinatal life and critical for erythroid iron acquisition 3--5 , its 3'IRE is not required under standard laboratory conditions and appears to be dispensable for normal hematopoiesis.
Interestingly, 2 week--old Dmt1 IRE∆/∆ male mice display a 40% reduction in serum iron levels, and a decrease in transferrin saturation ( Figure  1B ). Hepcidin concentration, which is low during postnatal growth, is not affected. Similarly, both hepatic and splenic iron stores are indistinguishable from wild--type animals ( Figure   1C ). In contrast to suckling pups, 3 month--old Dmt1 IRE∆/∆ males exhibit high serum iron and transferrin saturation values ( Figure 1B ) and an increase in tissue iron stores ( Figure 1C Figure 4 ), suggesting that tissue iron loading is secondary to the elevation of serum iron rather than a consequence of aberrant iron management in liver and spleen cells.
Iron dyshomeostasis in Dmt1 IRE∆/∆ mice could result from altered intestinal iron absorption 5 . At 2 weeks of age, duodenal non--heme iron levels are unchanged ( Figure 2A ). However, Dmt1 IRE∆/∆ pups exhibit a selective downregulation of the DMT1--IRE mRNA isoform, associated with a decrease in total DMT1 protein levels and reduced DMT1 immunostaining at the apical membrane of enterocytes ( Figure 2B ). This is in agreement with the predicted role of 3'UTR IREs, based on analogy to TFRC, where IRP binding decreases mRNA decay 13, 14 . Considering that FPN protein and HEPH mRNA levels are normal ( Figure 2C Figure 2C,D) . In contrast to its partial suppression in Dmt1 IRE∆/∆ pups, IRE--containing DMT1 mRNA is expressed at nearly wild--type levels in adult intestine ( Figure 2B ). It is unlikely that this is due to compensatory stimulation of Dmt1 transcription by 6 HIF2 9,10 . Indeed, the mRNA levels of Fpn and Ccnd1, both HIF2--target genes, are not increased ( Figure  2C , E). Cybrd1, another HIF2--target, appears to be repressed ( Figure 2E ). Hence, the 3'IRE of DMT1 exerts a positive effect on intestinal DMT1 expression during postnatal growth but not during adult life. This age-dependent effect of the DMT1 3'IRE appears to be tissue specific. While it is also observed in heart, it is not detected in spleen or kidney ( Supplemental  Figures  4  and  5) . Surprisingly, while Dmt1 IRE∆/∆ adults express nearly wild--type levels of DMT1--IRE mRNA, duodenal DMT1 protein expression is increased ( Figure 2B ).
Although we cannot exclude changes in protein turnover 21 , we speculated that disruption of the DMT1 3'IRE could alter mRNA translation. Supporting this notion, we observed a significant shift of the DMT1--IRE mRNA isoform from monosomes to polysomes ( Figure 2F ), suggesting that the DMT1 3'IRE partially represses DMT1 mRNA translation in the adult duodenum.
There has been doubt about the functionality of the DMT1 3'IRE. Although it exhibits weaker affinity for IRPs than other IREs 22 , the DMT1 3'IRE does bind IRP1 in the native cellular environment 23 . Our work now demonstrates that the DMT1 3'IRE functions to maintain systemic iron homeostasis, exerting distinct effects at different life stages. It is well recognized that DMT1 regulation in the duodenal mucosa is strongly dependent on HIF2 9,10,24 . In that context, the precise role of the age--dependent switch in the activity of the DMT1 3'IRE remains to be defined. Conceivably, the DMT1 3'IRE may contribute to maintaining baseline homeostasis of immature intestinal absorption early in life. In adulthood, the 3'IRE may help to fine--tune DMT1 expression to avoid excessive iron assimilation. Table 2 ). Middle panels: immunostaining of DMT1 in the duodenum (counterstain: hematoxylin); a higher magnification is presented for adult tissues because the DMT1 signal (arrows) is 
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